frequency characteristics of the manometer system. A small metal cylinder with lateral holes was attached to the tip of a catheter.
The catheter lumen was filled with a fluid and its tip was covered with a thin silicon membrane. This procedure remarkably improved the frequency characteristics of the catheter:
The resonant frequency shifted to higher cycles of about three times that of the conventional, non-covered catheter.
Moreover, the covering made it possible to ad just the viscosity of the fluid filled in the catheter by an addition of glycerin in such a way as to attain an adequate damping. Therefore, the undesired peaking of the frequency-amplitude curve could be eliminated completely without electrical damping.
Although having a desirable effect on the frequency characteristics, the covering on the catheter tip failed to suppress the repercussion due to the catheter motion caused by external forces other than blood pressure. Such an undesirable repercussion was considered to be due to the motion of the fluid mass in the catheter lumen. In other words, if the movable mass in the lumen could be minimized by replacing the fluid by other light substances the above mentioned repercussion may be eliminated. Thus, the catheter manometer system was filled with air instead of fluid. As a result the repercussion was actually reduced sufficiently.
Moreover, the suspicion previously mentioned that the compressibility of the air might bring some erroneous effects was not proved to be the case. with two chambers was attached to the tip of a double lumen catheter which was connected with a differential manometer at the other end. The pressures in both chambers were transmitted to the pressure transducer of the differential manometer in the opposite. directions, in such a way that the temperature effect in both chambers could be counterbalanced.
The blood pressure signal was obtained only through the pressure sensitive chamber.
The silicon membrane consisted of a silicon solution of R. T. V. silicon 501 (Dow Corning Co. U.S.A.) mixed with R. T. V. catalyst (A. R. BROWN McFarlane Co.) with a ratio of 95: 5 in weight.
A closed glass tube of 2.8 mm in diameter was immersed in the above solution and the solution adhering to the glass surface was dried at room temperature in such a way that the small sack which formed would cover the tip with a sufficient tightness.
To obtain an appropriate thickness of about 0.27mm the procedure of immersion and drying was repeated several times.
2) Manometry and recording.
The pressure transmitted through the air catheter was recorded by two manometers:
One was a differential capacitance manometer combined with a capacity detector of Decker type, D-11L, Densoku, Tokyo and the other was a foil gauge manometer of LPU-0.5, Nihonkoden, Tokyo. The former detector was designed according to the principle outlined by LION6) and it was capable of converting small capacity changes into large output voltages.
In the present study the pressure signal obtained from both manometers was further amplified by use of an amplifier, RDH-2, Nihonkoden, Tokyo.
The former manometer showed flat sensitivity to a sinusoidal wave pressure in a frequency range of 0 to 70 cps and the latter, in a range of 0 to over 100cps.
The schematic diagram of the entire system is illustrated in FIG.2. The fluid catheter was connected with a foil gauge manometer, LPU-0.5, Nihonkoden and an amplifier, RP-2, Nihonkoden.
FIG.2.
Schematic illustration of the entire arrangement of the air catheter-manometer system.
The frequency characteristic of the air catheter-manometer system was analysed with respect to amplitude variation and phase displacement.
The amplitude variation in the output which is dependent on the frequency was determined by recording the pressure signal on an oscilloscope against time as a sinusoidal curve.
The phaSe displacement was observed as a Lissajous' loop in which the X axis reflected the motion of the crank of the pressure generator which was considered to be synchronous with the applied pressure and the Y axis, the output signal of the pressure.
The motion of the crank was detected from the change in capacity between two parallel metal plates, one of which was fixed to the moving crank, the other, to the base plate of the generator. The change in capacity was transduced to an electrical signal by using the resonant characteristic at high frequency. The output signal from the moving crank was led to the X-axis of the oscilloscope, while the pressure signal from the catheter was led to its Y-axis. Thus, the phase difference was observed as a Lissajous' loop.
3) Pressure generator.
The pressure generator consisted of a plastic cylinder of 45mm in inner diameter and a 1mm thick rubber membrane covering the upper cut end of the cylinder.
The membrane was forced to oscillate by means of an' eccentric cam coupled to a variable speed electric motor which generated an equal pressure amplitude over a range of 2 to 95cps.
The catheter to be tested was fitted to the cylinder chamber by use of a suitable air-tight adaptor.
In addition the following step response test was carried out to investigate the resonant frequency of the air catheter system: After the pressure in the cylinder chamber was elevated, a stop-cock fitted to the lateral bore of the cylinder was opened abruptly. This caused a rapid fall of the pressure, which was recorded synchronously through the oscilloscope. 4) Animal experiments. Blood pressure measurements were carried out with mongrel dogs anesthetized by pentobarbitrate with a dose of 30mg/kg.
The air catheter was inserted into the vascular vessels from the femoral artery or vein. The blood pressure from the aorta, the left and right ventricles were recorded on a pen-recorder. The recorded curves were compared with those obtained through a fluid catheter at the same position.
RESULTS

1)
Relationship between the manometer output and the static pressure.
The relation between the applied pressure and its output was strongly affected by the tensity of the silicon membrane cover. When the covering was loose and the size of the holes was large, a linear relation between the two could not be obtained.
With a suitable tightness of the membrane, the desired linear relationship was observed over a range of 0 to 300mmHg.
The air pressure in the catheter lumen was increased with the increase of the applied pressure at a rate of 8mmH2O/100mmHg.
The sensitivity to the pulsatile pressure change was little affected by temperature change, but the output level drifted slightly in accordance with the temperature change. This value corresponds to the pressure change which may be expected when a pressure of several hundreds mmHg is applied at the catheter tip under a constant temperature. Therefore, the temperature change might cause a remarkable shift in the manometer output, if this temperature effect is not counterbalanced by that of another catheter. Thus, in this experiment in order to eliminate the above described effect, the structure of the catheter tip was designed as shown in Fig.  1 , where the temperature effect of the pressure sensitive catheter could be eliminated satisfactorily by the introduction of a blind catheter. The volume of the blind catheter which is very important for this elimination was adjusted by the rubber stopper inserted in the catheter tip.
3) Repercussion due to external forces. When a fluid catheter is disturbed by some external force, a corresponding oscillatory noise appears on the recorded pressure pattern. In the case of an air catheter, however, the above disturbances were sufficiently eliminated as shown in FIG.3 . In this experiment a fluid catheter and a air catheter were bound together in such a way as to receive identical disturbances and in the course of recording a sinusoidal pressure pattern, the catheters were tapped lightly in a direction perpendicular to the catheters.
It was clearly shown that while the sine wave was disturbed considerably on the record from the fluid catheter, only a slight oscillation was detected on the record from the air catheter. The amplitude of the pressure signal showed no obvious maximum.
At a frequency range higher than 45cps the amplitude turned to decrease only slightly.
FIGS.6 and 7 illustrate graphically the rela- tion of changes of amplitude and the phase delay respectively against the frequency of the applied sine wave pressure. In FIG.6 , the result of a 7F single lumen air catheter is illustrated for comparison against that of the 8F double lumen air catheter.
As may be seen in the figure the amplitude of the pressure signal obtained with the 7F fluid catheter showed the highest and sharpest changes in response to the frequency changes while lesser responses were seen in the 7F single air catheter.
It was noted that the change of amplitude was the smallest with the 8F double air catheter.
At the point of the maximum amplitude i. e. near 45cps, the phase displacement showed 90 degrees as is seen in FIG.7 . Therefore, it might be concluded that because of the lesser diameter of the 8F double lumen air catheter the catheter system showed a higher degree of damping.
5)
Step response test. The step response test was performed using a pressure generator for the sake of convenience, in spite of the fact that it seemed to be less suitable for this purpose than the widely accepted baloon explosion technique7). As seen in FIG.8 , the output of the air catheter decreased slightly faster than that of the fluid catheter and stopped abruptly at the atmospheric This oscillation may strongly distort the record of the rapid change in the blood pressure. 
